Abstract: Transmittance of a straight junction between two plasmonic slot waveguides can be enhanced by either coupling a perpendicular stub to the input waveguide or inserting an intermediate slot section between the waveguides. We derive analytic expressions for the transmission spectra in these two configuration schemes and analyze them to obtain simple formulas, relating the parameters of the stub and intermediate slot section that maximize the transmittance at a given frequency. A considerable advantage of our results over the recently reported approximations is in their broader applicability domain, which is the consequence of the correct accounting for the phase shift resulting from the reflection of the surface plasmonpolariton (SPP) at the end of the stub, and inclusion of ohmic losses. By the example of a 100-fs Gaussian pulse at the telecommunication wavelength of 1.55 m, we demonstrate that both transmission enhancement techniques can almost completely eliminate SPP reflection from the junction of 125-and 25-nm-gap silver-air-silver plasmonic waveguides, whereupon the preference can be given to either of the techniques, depending on the desired design features. Although, for concreteness, we studied a pair of aligned slot waveguides, the concepts of optics and transmission-line theory that we marry in our work are not specific for straight junctions and are well suited for analyzing more complex waveguide geometries. Our solutions to the problem of SPP transmission through the two types of junctions provide a simple tool for design optimization of power-efficient plasmonic interconnects for all-optical supercomputers.
Introduction
Over the last decade, a considerable and growing interest in plasmon-guiding structures has been aroused due to their ability to transport optical energy with subwavelength lateral confinement required for on-chip integration of optical functionalities [1] - [9] . Among the wide variety of such structures [10] - [15] , metal-dielectric-metal (MDM) slot waveguides are probably the most favorable for applications in the nanoscale devices when considering ease of fabrication and flexibility in tuning performance [7] , [16] , [17] . The two major obstacles for power-efficient operation of MDM slot waveguides, which may serve as interconnects on a plasmonic chip, are the strong energy dissipation along the waveguides and the scattering at their junctions [6] , [18] - [26] . The latter challenge also emerges upon coupling (outcoupling) of light into (out of) the chip through ordinary dielectric waveguides with typical lateral dimensions in the micrometer range.
Decay of surface plasmon-polaritons (SPPs) along MDM waveguides is unavoidable at room temperatures since it is predominantly caused by the intrinsic absorption in metals. In contrast to this, the reflection of SPPs due to scattering at a junction is quite surmountable and can be almost fully suppressed by appropriate engineering of the junction. The design principles employed to minimize the reflection are similar to those already proven in microwave waveguides and optical fibers [27] - [30] . They can be conventionally separated into two main groups: tapering and interference quenching.
It has been demonstrated through experimentation that linear tapers connecting silicon strip waveguides and MDM slot waveguides are capable of providing transmission efficiencies of up to 88% per facet [19] , [26] . Being placed between two plasmonic waveguides, a taper not only improves the transmittance of SPPs but dramatically enhances their intensity as well [25] , making nonlinear effects more pronounced. Relatively large lengths of tapers, which usually fall within a range between hundreds of nanometers and several micrometers, constitute a principal drawback of the tapering concept. Coupling a resonant cavity to the input waveguide can create much more compact, low-loss junctions. For example, even a single 30-nm air gap between dielectric and plasmonic waveguides makes it possible to increase the transmittance beyond 80% [20] . By optimizing a multisection coupler for the same connection, a maximum transmittance of 93% has been theoretically achieved [24] . The method of resonant cavity is also efficient in MDM waveguides, providing nearly perfect SPP transmission through the junctions between waveguides with a ratio of cross sections as large as 10 : 1 [21] - [23] , [31] , [32] .
Until recently, plasmonic waveguide junctions have been modeled with the finite-difference timedomain (FDTD) technique or by employing analytic expressions with parameters calculated numerically. Due to the small wavelength of SPPs and the associated simulation grid size, these tools become extremely time-consuming and, therefore, impractical when applied to optimization problems. In order to facilitate handling such problems, we originally developed a pure analytic model of SPP transmission through MDM waveguides coupled to an arbitrary number of perpendicular stubs [33] . The model allows one to rapidly and precisely simulate the transmission spectra of plasmonic filters, in the event that the waveguide and stubs have the same thickness. The aim of the present work is to adapt this model for description of MDM waveguide junctions in the presence of resonant cavities and use its new version to optimize the parameters of the cavities and suppress reflection from the junctions.
Generally, a resonant cavity may be in the form of either a stub or intermediate slot section between the waveguides [20] - [24] , [31] , [32] . In the case of the first form, it appears that accurate analytical calculation of the transmittance requires modification of the common stub representation within the transmission-line formalism [8] . We present the correct treatment of the stub and discuss the reasons behind failure of the previous models in Section 2. In Section 3, the new treatment is used to derive approximate relations between the optimal length, width, and position of the stub. In most practical situations, the optimal length of the intermediate slot section is equal to one quarter of the SPP wavelength, because attenuation of SPPs on this scale is negligible; thus, the only parameter to be optimized is the thickness of the intermediate section. The optimal thickness can be calculated from the transcendental equation derived in Section 4. The results of our study lead to simple design guidelines for the junctions considered here and other complex waveguide configurations, which are summarized at the end of the paper.
Revised Model for an MDM Waveguide With a Stub
To start with, we discuss the operating principle of the single-stub resonator that is coupled to an MDM waveguide, as shown in Fig. 1(a) . When we consider the wave propagation along the waveguide from the plane AA 0 toward the plane BB 0 , we find two waves having different phasors at any arbitrary point on BB 0 . One is the direct propagating SPP wave with a phase difference (with respect to the corresponding point on AA 0 ) of È t . The other is the SPP wave that reflects back from the stub with a phase change of 2È d þ È r , where È d is phase incursion on the length of the stub, and È r is the reflection-induced phase shift at the stub end. By changing the stub length d , one can vary the phase of the second wave. Depending on the relative phase shift between the two waves, destructive or constructive interference occurs, resulting in a variation of waveguide transmittance. Thus, the optical transmission through the waveguide can be engineered by selecting an appropriate length for the stub. It has been shown that the transmittance of an MDM waveguide coupled to a single stub can be described using the analogy between single-mode MDM waveguides and microwave transmission lines [8] , [31] - [33] . With this analogy, the waveguide of thickness h is replaced by a transmission line of characteristic impedance [8] 
where ðhÞ is the SPP propagation constant at wavelength , is the wave impedance in a vacuum, " 1 is the relative permittivity of dielectric, and k ¼ 2=. The stub section of the waveguide can be represented by a finite-length transmission line of characteristic impedance Z S , which can be obtained from (1) by substituting w for h. It is important to stress that the transmission-line representations of the stub and the waveguide are developed under the quasi-static approximation, which holds as long as h ( and w ( . In order to account for È r , an impedance Z L should be connected as a load to the line that represents the stub. In [31] and [32] , assuming the metal as loss-free and setting È r ¼ 0, the waveguide stub was regarded as an open-circuited transmission line (i.e., Z L ¼ 1).
The value of Z L can be determined more accurately by equating the reflection coefficient found from the circuit theory with the complex-valued amplitude reflection coefficient ðÀÞ of the SPP at the stub end. As a good approximation, À can be calculated using Fresnel's theory by visualizing the SPP reflection as a normal reflection of a plane wave at a metal-dielectric boundary. As a result, we come to the following relation:
where the sign þ (or À) should be selected, if the transverse components of the incident and reflected electric fields point in the same (or opposite) directions. Actually, for a normal incident, one is free to choose the direction of the reflected electric field in calculating À. In a previous study [33] , the latter sign choice was made and deduced from (2) that
where " 2 is the relative permittivity of metal. Thus, in the approximation of a perfect electric conductor (PEC) when j" 2 j ! 1, Z L tends to infinity and the stub is equivalent to an opencircuited transmission line, as suggested in [31] and [32] . However, under the same approximation, the classical transmission-line theory suggests that the stub end should be represented by a shortcircuited line, which corresponds to Z L ¼ 0 [28] - [30] , [34] . This discrepancy in the representation of the stub arises due to the different sign selection in transmission-line theory and that in [33] for (2) . In the context of transmission lines, the incident and reflected voltage polarities should be kept the same. This condition has a physical sense, as the voltage at a specific point in the transmission line (irrespective of being reflected or incident) is measured with respect to one designated reference point. Since the voltage in the line is analogous to the transverse electric field, the direction of the electric field of the SPP mode must conserve upon reflection and the positive sign in (2) should be selected. As a result, we obtain the relation
which, in the limit j" 2 j ! 1, approaches zero, meaning that the stub end becomes short-circuited ðZ L ¼ 0Þ, as is evidenced from transmission-line concepts.
It is also important to mention that the two transmission-line segments, which need to be connected in parallel, as suggested in [31] - [33] [see Fig. 1 (b)], should now be connected in series [35] in the equivalent network representation shown in Fig. 1 (c). The part of the transmission line corresponding to the stub can be replaced by an effective impedance
where
is the phase shift of the SPP wave of propagation constant s , along the stub length.
The transmittance of the MDM waveguide coupled to a single stub can be obtained using the transfer matrix analysis of the simplified network shown in Fig. 1(d) and is given by [28] - [30] , [36] 
where L is the length of the waveguide, and L SPP is the characteristic decay length of the SPP mode in the waveguide. Interestingly, in the case of h ¼ w and, thus, Z 0 ¼ Z S , (4) and the expression for transmittance (8) given in [33] lead to the same result. In addition to the former condition, if we assume j" 2 j ! 1, (4) recovers the result of [32] . Therefore, the earlier proposed methods for calculating the transmittance are accurate, as long as the stub width is equal to the waveguide thickness.
To illustrate the versatility of our new formulation, we consider two silver-air-silver waveguides with h 9 w and h G w . The dispersion of silver permittivity is described by the Drude-Lorentz model used in [37] . Fig. 2 shows the comparison of the results obtained with (4) (green curves) with FDTD simulation data (blue open circles). The dashed red curves correspond to the model proposed in [33] . As can be seen, the predictions of the revised model exhibit a better agreement with FDTD results than that of the previous model. It is interesting to note that even though there exists a significant disparity in the model proposed in [33] , it still allows one to reasonably estimate the positions of transmission maxima/minima.
Single-Stub Couplers
We now consider the applicability of a stub in optimizing the transmittance through a pair of aligned slot waveguides having unequal cross sections. The single-stub impedance matching technique is often used in the design phase of microwave communication systems to minimize unnecessary reflections that originate due to waveguide discontinuities.
Transmittance Through a Junction With a Stub
Consider two MDM waveguides of thicknesses h 1 and h 2 joined in cascade, as shown in Fig. 3(a) . Assume that the left waveguide is coupled to a perpendicular stub of width w and length d placed at a distance Á from the junction. The dielectric and metal constituents of the waveguide are characterized by the permittivities " 1 and " 2 . We also assume that h 1 , h 2 , and w are far below the SPP wavelength, such that the quasi-static approximation is valid.
Employing the analogy between subwavelength MDM waveguides and microwave transmission lines [8] , [31] - [33] , we replace the adopted waveguide configuration by an equivalent network shown in Fig. 3(b) . In this representation, each waveguide of thickness h j ðj ¼ 1; 2Þ maps to a transmission line of characteristic impedance Z j , and the stub section maps to a series impedance Z stub . The impedance Z stub can be calculated using (3). We can write the transfer matrix of the equivalent transmission-line network as [28] - [30] , [36] 
where the A j ðx Þ is the matrix that represents propagation of SPPs along the jth waveguide, while the matrices B and C characterize the scattering of SPPs by the stub and the junction, respectively. The matrices A j and B have the forms [36] A
where A AE j ðx Þ ¼ expðAEi j x Þ, B ¼ Z stub =ð2Z 1 Þ, and j is the propagation constant of the SPP mode in the jth waveguide. In order to find C in terms of the waveguide parameters, we consider the waveguide junction as a two-port network with different characteristic impedances for each port. Using the generalized scattering theory, we find the scattering parameters of the network and then the transfer matrix in the form [28] 
where (5), the transmittance of the waveguide configuration shown in Fig. 3(a) for a given frequency ! is found to be
is the characteristic decay length of SPPs in the jth waveguide of length L j . In the case of
From a practical point of view, it is important to calculate the transmission of pulses through the waveguide configuration shown in Fig. 3(a) . By definition, the pulse transmission coefficient is given by the integral [38] 
where Gð!Þ is the power spectral density of the pulse normalized by the condition R 1 À1 Gð!Þd ! ¼ 1.
Optimal Parameters of the Stub
It is evident from (3), (6) , and (8) that one can engineer the waveguide transmittance by varying the stub length, width, and its position. In most cases, d and Á are the primary choices in tuning to find the maximum transmittance at a given frequency [28] - [30] . Later, we show that the peak value of the identified transmission maximum is slightly affected by the changes in w . The values of d and Á that correspond to peak transmittance are of practical importance and it is instructive to find approximate analytical formulas for calculating such values.
For simplicity of our calculations, we assume that at the desired operating frequency, metal behaves as a loss-free conductor such that Im" 2 ( Re" 2 . It is easy to see that, in the absence of losses, transmittance approaches to its maximum ðT ¼ 1Þ when the minimum of the denominator of (8) reaches to unity. This happens under the following conditions:
Note that, the impedances Z S , Z 1 , and Z 2 and the propagation constants 1 and s are pure real quantities, as Im
is pure imaginary (reactive), and the negative sign is included explicitly to preserve causality.
One can find two independent sets of ðd ; ÁÞ pairs from the conditions given in (10) as
where s and 1 are the guided wavelength of the SPP mode in the stub and the input waveguide, respectively. These solutions show that the optimal d (or Á) values for maximum transmittance are separated by s =2 (or 1 =2) . However, in the real situation, the peak transmittance that corresponds to d ðnÞ 1;2 and Á ðmÞ 1;2 reduces with increasing n and m due to increased SPP damping. In the next subsection, we look at the validity of our results obtained using (8) , (9), (11a), and (11b) against full-blown FDTD simulation results.
Numerical Examples and Discussion
As discussed before, in the single-stub coupling technique, the two key parameters to be adjusted are the stub length ðd Þ and the distance from the junction to the stub position ðÁÞ. Using (8) and (9), we can show how these two parameters affect the pulse energy transmission through the MDM-waveguide junction.
An Ag-air-Ag waveguide is considered in this illustration with the following set of parameters:
and h 2 ¼ 25 nm. Initially, we fix the stub width to be equal to the input waveguide thickness. For definiteness, we assume the pulse has a Gaussian spectral profile Gð!Þ % ð=2Þ 2 exp½À 2 ð! À ! 0 Þ 2 with the center wavelength of 1550 nm ð! 0 ¼ 1:216 Â 10 15 rad/sÞ and full-width at half-maximum temporal width of 100 fs ð % 60 fsÞ. Fig. 4(a) shows the pulse transmittance as a function of d and Á for fixed stub width of 125 nm. One can see that T p exhibits a quasi-periodic variation with respect to the stub length and stub-junction distance. As h 1 ¼ w , the period is approximately given by the half the guided wavelength of the SPP mode ð 1 =2 ¼ s =2 % 656 nmÞ that resides in the waveguide and the stub. This fact is also evident from (11a) and (11b). A unit cell that repeats with increasing d and Á is bounded by the dashed lines in Fig. 4(a) . Of course, due to ohmic losses in metal, each subsequent cell has a slightly lower transmittance than that of the previous cell.
Two distinct transmittance maxima M 1 and M 2 can be found in the unit cell shown in Fig. 4(a) . Clearly, the values of these maxima are higher than the transmittance that can be obtained without the stub (i.e., when d ¼ 0). The physical origin of the transmittance peaks can be attributed to a destructive interference between the reflected wave from the stub end and that from the waveguide junction. This results a minimum backward-propagating wave in the waveguide to the left of the stub position. Therefore, a significant fraction of total energy that exists in the input waveguide couples to the second waveguide, while the remaining energy dissipates due to ohmic losses.
From Fig. 4(a) , we can find the suitable d and Á pairs that correspond to transmission peaks M 1 and M 2 as (165 nm, 435 nm) and (450 nm, 225 nm), respectively. Alternatively, we can use (11a) and (11b) to find the same parameters analytically for ¼ 1550 nm. The corresponding ðd ; ÁÞ pairs for transmittance maxima are found to be (171.5 nm, 431.8 nm) and (443.9 nm, 224.7 nm). The slight deviations between analytically calculated stub lengths and the results obtained from Fig. 4(a) may originate due to lossless approximation that we used in finding the optimal parameters.
It is worth noting that, at a certain stub length, the transmittance reaches a minimum, irrespective of the distance between the stub and the junction. Physically speaking, this is the case where forward-propagating wave in the waveguide and the backward-propagating wave reflected from the stub are destructively interfere with each other at the stub position. This corresponds to the situation where the SPP reflecting back from the stub has a round-trip phase difference of È n ¼ 2È The approximate stub lengths related to these transmittance minima can be found by neglecting È r , as d n % ð2n þ 1Þ 1 =4. The effect of the stub on transmittance can be almost neglected when È n ¼ 2n. Under such conditions, we can see nearly constant transmittance, despite the variation of Á [i.e., when d ¼ 0, 656 nm, and so on in Fig. 4(a) ].
In order to see the effect of stub width on maximum transmittance, in Fig. 4(b) , we plot the peak value of signal transmittance for different stub widths and lengths. For each ðd ; w Þ pair, the maximum T p is found by sweeping over one period of Á. The stub length is bounded by the first minimum of transmittance (i.e., 1 =4), because each subsequent transmittance maximum would be less than the first maximum due to SPP damping. Large values of w ð9 200 nmÞ are also not considered, since the quasi-static approximation fails in such situations. A transmittance plateau can be observed around d ¼ 150 nm for stub widths between 100 and 200 nm. Looking at Fig. 4(b) , we see that in the optimization of the transmittance, stub width plays a less significant role compared to stub length and stub-junction distance. Therefore, to achieve optimum pulse propagation through the junction in the 1550-nm region, one can select the stub width to have the same thickness of the input waveguide ðw ¼ h 1 Þ, with d % 165 nm and Á % 435 nm.
The spectra calculated using (8) for the two MDM waveguide configurations corresponding to transmittance maxima at M 1 and M 2 are shown, respectively, by the blue curves in Fig. 4(c) and (d) . The blue open circles represent the FDTD simulation results for the same configurations. Even though there exists a certain disparity between the predictions of our model and numerical data at shorter wavelengths, better agreement can be observed in the 1550-nm region. The source of this disparity can be attributed to the increased effect of reactive fields at waveguide discontinuities and the failure of quasi-static approximation when the waveguide thickness is comparable with the SPP wavelength. For reference, the red curves in the same figure show the transmittance corresponding to a cascaded waveguide connection in the absence of a stub. It is seen that, in the desired wavelength window, higher transmittance can be realized with the appropriate use of stubs, unlike the situation without a stub. Due to SPP attenuation, transmittance does not reach 100%, even for a uniform waveguide with no junction (wine-color curve). One can easily see that the reflectance R becomes zero at 1550 nm in each case of M 1 and M 2 , as illustrated by the green dashed curves. More specifically, this suggests the identified transmittance peaks are the theoretical maximums that we can achieve by completely suppressing the junction reflections with the use of appropriately tuned stubs. We find that approximately a 25% enhancement in the transmittance can be achieved by using the stubs corresponding to the maxima M 1 and M 2 . This justifies the applicability of a stub in transmission optimization for nanoscale optical interconnects.
Intermediate Slot Couplers
In this section, we discuss another simple, yet effective waveguide coupling mechanism for enhancing the transmittance through an MDM waveguide junction. This technique utilizes an intermediate slot section connected in between the two waveguides of unequal cross sections. Fig. 5(a) shows the waveguide structure that consists of two MDM waveguides with thicknesses h 1 and h 2 coupled through an intermediate section of thickness h c and length l c . Under the quasistatic approximation (valid as long as h j ( , j ¼ 1; 2; c), we replace the structure by an equivalent network shown in Fig. 5(b) [8] , [31] - [33] .
Transmittance Through a Junction With a Slot Coupler
We can obtain an approximate expression for the transmittance for waveguide structure shown in Fig. 5(a) using the transfer matrix analysis. Considering each part of the structure separately, the transfer matrix of the network [see Fig. 5(b) ] is given by the product [28] - [30] , [36] 
where matrices A and C are given in (6) and (7), as stated in Section 2. The transmittance at frequency ! can be obtained from the above transfer matrix in the form
where which is the expression for the transmittance through a straight waveguide junction. If h c ¼ h 1 or h c ¼ h 2 , the transmittance is also given by (13) , provided that L 1 or L 2 should be modified accordingly to take into account the value of l c .
Optimal Parameters of the Intermediate Slot Section
Similar to the single-stub scenario, we can find explicit expressions for optimal parameters of the intermediate slot coupler that result peak transmittance through the waveguide junction.
For simplicity of this treatment, we neglect the intrinsic losses that associate with plasmonic waveguides, under the assumption that Im " 2 % 0. As a consequence, the exponential decaying factor in the numerator of (13) is equal to unity, and the waveguide transmittance can be completely described by the behavior of the function in the denominator. In the case of maximum transmittance, we find that the following condition is satisfied by the coupler parameters:
With simple algebraic manipulation, one can realize that the function inside the brackets in the above equation reaches its minima when c l c ¼ n=2 for odd integer values of n. Under such a condition, we solve (14), which relates the characteristic impedance of the coupler section to those of the input and output waveguides as Z c ¼ ffiffiffiffiffiffiffiffiffiffi
One may notice that this is nothing more than the well-known impedance relation for quarter-wavelength transformer, which is frequently used in microwave designs [28] - [30] . This is not surprising, as we ignored the field attenuation along the plasmonic waveguide; thus, the SPP propagation is analogous to a wave propagation in a conventional loss-free waveguide.
In order to find the waveguide thickness h c , we need to consider the dispersion characteristics of the MDM waveguides. Employing the characteristic impedance model for MDM waveguides [8] , we obtain the following relation between the waveguide and the coupler parameters for maximum transmittance as
The propagation constant of the SPP mode c itself is a function of h c . Thus, we find the appropriate value of h c that satisfies (15) by solving the following transcendental equation for :
which follows from the dispersion relation of the MDM waveguide [16] , where
. It is now possible to calculate the corresponding propagation constant of the intermediate slot section and then its parameters h c and l c from
where c is the guided wavelength of the SPP inside the coupler. We can find infinite number of suitable l c values for the optimum h c that gives the maximum transmittance. Yet, the shortest possible l c value is often used in practice, because increased coupler-section length would also contribute to further increase of the SPP losses.
Numerical Examples and Discussion
We consider the same numerical example of 125:25-nm-long Ag-air-Ag waveguide junction that we studied in Section 2. The correlation between the pulse transmittance and the geometrical parameters of the intermediate coupler can be analyzed using (9) together with (12) . We fix the output waveguide length L 2 ¼ 1 m, whereas the input waveguide length is varied with l c to keep the overall length of the structure equal to 3 m. The transmittance is calculated for a 100-fs Gaussian pulse centered at the optical communication wavelength of 1550 nm.
The density plot given in Fig. 6(a) shows the pulse transmittance as a function of h c and l c . One can observe a quasi-periodic variation of T p with respect to l c . The region that repeats with a slight attenuation, as we increase the coupler length, is outlined by the dashed lines in Fig. 6(a) . Indeed, the attenuation that associated with each successive region can be attributed to the increased SPP damping resulting from the longer coupler sections. It can be found from (12) that the period is approximately given by c =2. Since c monotonically increases with increasing h c [16] , [33] , so does the period, as is evidenced from Fig. 6(a) .
When the slot section length satisfies the Fabry-Perot condition (i.e., l c % n c =2), the transmittance of the waveguide configuration reaches to its minimum value. In the ideal case ðIm " 2 ¼ 0Þ, this minimum is the transmittance through the straight waveguide junction. The transmission valleys that coincide with the dashed lines in Fig. 6(a) correspond to the points that fulfil the above condition. The transmittance of the MDM waveguide attains its maximum when the wave reflected from the junction AA 0 is compensated by the wave reflected from the junction at BB 0 . The point M shown in Fig. 6 (a) corresponds to the peak transmittance, and the optimal values for couplersection thickness and length are found to be 60 and 285 nm, respectively. The position of this maximum can also be calculated analytically from (16) and found to be (58 nm, 286 nm).
In order to validate our analytical results for transmittance and highlight the improvement of the coupling efficiency by the intermediate slot section, we calculate the spectra shown in Fig. 6(b) , both analytically and numerically. The length and thickness of the coupler are chosen to obtain the identified transmittance maximum M. The analytical results obtained from (12) (blue curve) agree well with the numerical FDTD data (blue open circles). For reference, we show the transmittance spectra for uniform waveguide of thickness 125 nm and the waveguide junction using the wine-and red-color curves, respectively. The results show that inclusion of the intermediate slot section in between the two waveguides improves the transmittance by 25%. The green dashed curve shows that the reflectance approaches zero at the desired wavelength region, indicating that the intermediate resonant cavity perfectly couples the two waveguides for optimum power transmission.
It is evident that both single-stub and intermediate slot coupler techniques can be used for efficient coupling of plasmonic waveguide junctions. The transmittance through the waveguide configuration can be enhanced by approximately 25% for a waveguide junction with a 5 : 1 transition ratio of thickness using these techniques. Despite the fact that the peak transmittances do not reach 100% due to the SPP damping, they are the absolute maxima that can be realized, as the inclusion of the stub/slot section completely eliminates the reflected energy flow. Therefore, it is impossible to further increase the transmittance by adding more stubs or a multisection slot to the waveguide configuration. Unlike the intermediate slot coupler, single-stub-coupling mechanism allows us to preserve the original structure at the junction. Moreover, when length of the optical interconnect is limited in the direction of the waveguide axis, the single-stub technique would be the appropriate choice to enhance the optical transmittance through the junction.
The devices we analyzed are easy to fabricate thanks to the recent advances in the fabrication technology of plasmonic components. Plasmonic slot waveguides with core thicknesses of few tens of nanometers have been experimentally realized using lithography-based technologies, such as focused ion beam milling [19] , [39] , [40] and electron beam lithography [41] - [43] . With the same techniques, a range of different wavelength-selective devices were prototyped by coupling intermediate slot and stub resonators to gap plasmonic waveguides [44] , [45] . One of the difficulties associated with the fabrication process lies in the achieving of sharp corners of the waveguides and sharp edges of the stub-waveguide junctions. Fortunately, the finite curvature of the corners and edges in the plasmonic devices is found to have little impact on the spectral characteristics and performance of the devices being considered [32] , [46] .
As a closing note, we would like to emphasize that the proposed analytical method to obtain the optical pulse transmittance of the waveguide configuration in concern is much faster than the numerical procedure based on standard FDTD simulations. For instance, the density plot given in Figs. 4 and 6 would demand very high computational time (approximately 10 6 h on a 3.17-GHz Intel Pentium IV system), if one needs to obtain it through full-blown FDTD method. Moreover, (11a), (11b), and (16) provide a much easier path to find the initial design parameters of the stub or the intermediate slot section for maximum power transfer. Then, such parameters can be further finetuned by more sophisticated and time-consuming numerical analysis for optimal results.
Conclusion
In this paper, we theoretically studied two effective ways to maximize the power transfer through a straight junction between two MDM plasmonic waveguides. In the first technique, we employed an appropriately positioned perpendicular stub coupled to the input waveguide, and in the second, we used an intermediate slot section between the waveguides to engineer the waveguide transmittance. Borrowing concepts from transmission-line theory, we derived approximate analytical expressions for the transmittance in these two waveguide configuration schemes. These formulas were further analyzed to come up with the simplified procedures to find the optimal parameters for the stub and the intermediate section that provide the peak transmittance at a given wavelength. Our results exhibit a wide range of validity compared with earlier reported works, as we took proper account of the reflection-induced phase shift at the end-facet of the stub and the dissipative losses inherent to plasmonic waveguides. We demonstrated the transmittance optimization using the proposed techniques for a 125-to 25-nm-gap silver-air-silver waveguide junction and found %25% enhancement in the transmittance. It was suggested that one may be free to choose either technique, depending on the design constraints and features. The proposed analytical approaches are particularly useful to reduce the necessity of computationally expensive numerical simulations and allow us to design efficient couplers for plasmonic waveguides.
